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Abstract: We investigate the associated strangeness production reactions
pp→ pΛK+ and pp→ pΣ0K+ within an effective Lagrangian model. The
initial interaction between the two nucleons is modeled by the exchange of
π, ρ, ω, and σ mesons and the strangeness production proceeds via exci-
tations of N∗(1650), N∗(1710), and N∗(1720) baryonic resonance states.
The parameters of the model at the nucleon-nucleon-meson vertices are
determined by fitting the elastic nucleon-nucleon scattering with an effec-
tive interaction based on the exchange of these four mesons, while those
at the resonance vertices are calculated from the known decay widths of
the resonances and from the vector meson dominance model. Experimen-
tal data taken recently by the COSY-11 collaboration are described well
by this approach. The one-pion-exchange diagram dominates the produc-
tion process at both higher and lower beam energies. The excitation of
the N∗(1650) resonance contributes predominantly to both the production
channels at near threshold energies. Our model with final state interaction
effects among the outgoing particles included within the Watson-Migdal
approximation, is able to explain the observed beam energy dependence of
the ratio of the total cross sections of these two reactions.
1 Introduction
In recent years, there has been a considerable amount of interest in the
study of the associated strangeness production reactions in proton-proton
(pp) collisions. This is expected to provide information on the manifestation
of quantum chromodynamics (QCD) in the non-perturbative regime of en-
ergies larger than those of the low energy pion physics where the low energy
theorem and partial conservation of axial current (PCAC) constraints pro-
vide a useful insight into the relevant physics [1]. The strangeness quantum
1Talk presented in the second symposium on threshold meson production in pp and pd
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number introduced by this reaction leads to new degrees of freedom into this
domain which are expected to probe the admixture of s¯s quark pairs in the
nucleon wave function [2] and also the hyperon-nucleon and hyperon-strange
meson interactions [3, 4].
The elementary nucleon-nucleon-strange meson production cross sections
are the most important ingredients in the transport model studies of the
K+-meson production in the nucleus-nucleus collisions, which provide in-
formation on not only the initial collision dynamics but also the nuclear
equation of state at high density [5, 6, 7, 8, 9, 10, 11, 12]. Furthermore, the
enhancement in the strangeness production has been proposed as a signature
for the formation of the quark-gluon plasma in high energy nucleus-nucleus
collisions [13, 14].
The measurements performed in late 1960s and 1970s provided the data
on the total cross sections for the associated hyperon (Y )-kaon production
at beam momenta larger than 2.80 GeV/c (these cross sections are listed in
Ref. [15]). With the advent of the high-duty proton-synchrotron (COSY) at
the Forschungszentrum, Ju¨lich, it has become possible to perform systematic
studies of the associated strangeness production at beam momenta very close
to the reaction threshold (see, e.g.,Ref. [16] for a comprehensive review). At
the near threshold beam energies, the final state interaction (FSI) effects
among the outgoing particles are significant. Therefore, the new set of data
are expected to probe also the hyperon-nucleon and hyperon-strange meson
interactions.
A very interesting result of the studies performed by the COSY-11 col-
laboration is that the ratio (R) of the total cross sections for the pp→ pΛK+
and pp → pΣ0K+ reactions (to be referred as ΛK+ and Σ0K+ reactions,
respectively) at the same excess energy (defined as ǫ =
√
s−mp−mY −mK ,
with mp, mY , and mK being the masses of proton, hyperon, and kaon re-
spectively and s the invariant mass of the collision), is about 28+6
−9
for ǫ <
13 MeV [17]. This result is very intriguing because at higher beam energies
(ǫ ≈ 1000 MeV) this ratio is only around 2.5.
Several calculations have been reported [18, 19, 20] to explain this result.
Assuming that the π- and K- exchange processes are the only mechanism
leading to the strangeness production, the authors of Ref. [18] show within a
(non-relativistic) distorted wave Born approximation (DWBA) model that
while the ΛK+ reaction is dominated by the K-exchange only, both K-
and π-exchange processes play an important role in the case of Σ0K+ re-
action.Therefore, if the amplitudes corresponding to the two exchanges in
the latter case interfere destructively, the production of Σ0 is suppressed as
compared to that of Λ. It should however, be noted that in Ref. [19], K-
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and π- exchange amplitudes are reported to be of similar magnitudes for
both ΛK+ and Σ0K+ reactions.
Nevertheless, a conclusive evidence in support of the relative signs of
π- and K- exchange amplitudes being opposite to each other is still lack-
ing. Furthermore, other mechanisms like excitation, propagation, and decay
of intermediate baryonic resonances which play (see, e.g., [21, 22, 23]) an
important role in the strangeness production, have not been considered by
these authors. In the calculations reported in Ref. [20] also the relative sign
of K− and π− exchange terms is chosen solely by the criteria of repro-
ducing the experimental data, although in this work the theory has been
applied to describe a wider range of data (which includes the polarization
transfer results of the DISTO experiment [24] and the missing mass distri-
bution obtained in the inclusive K+ production measurements performed at
SATURNE [25] apart from the ratio R).
We have investigated the ΛK+ and Σ0K+ reactions at near threshold
as well as higher beam energies in the framework of an effective Lagrangian
approach (ELA) [21, 22, 28, 29]. In this theory, the initial interaction be-
tween two incoming nucleons is modeled by an effective Lagrangian which
is based on the exchange of the π-, ρ-, ω-, and σ- mesons. The coupling
constants at the nucleon-nucleon-meson vertices are determined by directly
fitting the T-matrices of the nucleon-nucleon (NN) scattering in the rel-
evant energy region. The ELA uses the pseudovector (PV) coupling for
the nucleon-nucleon-pion vertex which is consistent with the chiral sym-
metry requirement of the quantum chromodynamics [31]. In contrast to
some earlier calculations [26], both (ΛK+ and Σ0K+) reactions proceed
via excitation of the N∗(1650), N∗(1710), and N∗(1720) intermediate bary-
onic resonance states. The interference terms between the amplitudes of
various resonances are retained. To describe the near threshold data, the
FSI effects in the final channel are included within the framework of the
Watson-Migdal theory [27, 29]. ELA has been used to describe rather suc-
cessfully the pp → ppπ0, pp → pnπ+ [29, 28], pp → pK+Y [21, 22] as well
as pp→ ppe+e− [30] reactions.
2 Description of the Model
We consider the tree-level structure (Fig. 1) of the amplitudes for the as-
sociated K+Y production in proton-proton collisions, which proceeds via
the excitation of the N∗(1650)(1
2
−
), N∗(1710)(1
2
+
), and N∗(1720)(3
2
+
) in-
termediate resonances. To evaluate these amplitudes within the effective
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Lagrangian approach, one needs to know the effective Lagrangians (and the
coupling constants appearing therein) at (a) the nucleon-nucleon-meson, (b)
the resonance-nucleon-meson, and (c) the resonance-K+-hyperon vertices.
Y
pi,ρ,σ,ω
K+
P P
*N
P
Figure 1: Feynman diagrams
for K+Y production in pp colli-
sions. The diagram on the left
shows the direct process while
that on the right the exchange
one.
The parameters for NN vertices are determined by fitting the NN elastic
scattering T matrix with an effective NN interaction based on the π, ρ, ω
and σ meson exchanges. The effective meson-NN Lagrangians are
LNNpi = −
gNNpi
2mN
Ψ¯Nγ5γµτ · (∂µΦpi)ΨN . (1)
LNNρ = −gNNρΨ¯N
(
γµ +
kρ
2mN
σµν∂
ν
)
τ · ρµΨN . (2)
LNNω = −gNNωΨ¯N
(
γµ +
kω
2mN
σµν∂
ν
)
ωµΨN . (3)
LNNσ = gNNσΨ¯NσΨN . (4)
We have used the notations and conventions of Bjorken and Drell [32]. In
Eq. (1)mN denotes the nucleon mass. Note that we have used a PV coupling
for the NNπ vertex. Since we use these Lagrangians to directly model
the T-matrix, we have also included a nucleon-nucleon-axial-vector-isovector
vertex, with the effective Lagrangian given by
LNNA = gNNAΨ¯γ5γµτΨ ·Aµ, (5)
where A represents the axial-vector meson field. This term is introduced
because in the limit of large axial meson mass (mA) it cures the unphysical
behavior in the angular distribution of NN scattering caused by the contact
term in the one-pion exchange amplitude [33], if gNNA is chosen to be
gNNA =
1√
3
mA
(
fpi
mpi
)
, (6)
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with very large (≫ mN ) mA. fpi appearing in Eq. (6) is related to gNNpi as
fpi = (
gNNpi
2mN
)mpi.
We introduce, at each interaction vertex, the form factor
FNNi =
(
λ2i −m2i
λ2i − q2i
)
, i = π, ρ, σ, ω, (7)
where qi and mi are the four momentum and mass of the ith exchanged
meson, respectively. The form factors suppress the contributions of high
momenta and the parameter λi, which governs the range of suppression,
can be related to the hadron size. Since NN elastic scattering cross sections
decrease gradually with the beam energy (beyond certain value), we take
energy dependent meson-nucleon coupling constants of the following form
g(
√
s) = g0exp(−ℓ
√
s), (8)
in order to reproduce these data in the entire range of beam energies. The
parameters, g0, λ and ℓ were determined by fitting to the elastic proton-
proton and proton-neutron scattering data at the beam energies in the range
of 400 MeV to 4.0 GeV [33, 28]. It may be noted that this procedure fixes
also the signs of the effective Lagrangians [Eqs. (1)-(5)]. The values of
various parameters are given in Table 1 of Ref. [21]. The same parameters
for these vertices were also used in calculations of the pion and the dilepton
production in pp collisions. Thus we ensure that the NN elastic scattering
channel remains the same in the description of various inelastic channels
within this approach, as it should be.
Below 2 GeV center of mass (c.m.) energy, only three resonances,
N∗(1650), N∗(1710), and N∗(1720), have significant decay branching ra-
tios into KY channels. Therefore, we have considered only these three
resonances in our calculations. The N∗(1700) resonance having very small
(and uncertain) branching ratio for the decay to these channels, has been ex-
cluded. Since all the three resonances can couple to the meson-nucleon chan-
nel considered in the previous section, we require the effective Lagrangians
for all the four resonance-nucleon-meson vertices corresponding to all the
included resonances. Since the mass of the strange quark is much higher
than that of the u− or d− quark, one does not expect the pion like strict
chiral constraints for the case of other pseudoscalar mesons like η and K (to
be called ζ in the following). Thus, one has a choice of psuedoscalar (PS) or
PV couplings for the NNζ and N∗
1/2Nζ vertices (forms of the corresponding
effective Lagrangians are given in Ref. [21]). The same holds also for the
N∗
1/2Y K vertices.
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In principle, one can select a linear combination of both and fit the
PS/PV ratio to the data. However, to minimize the number of parameters
we choose either PS or PV coupling at a time. In the results shown below,
we have used PS couplings for both N∗Nπ and N∗ΛK+ vertices involving
spin-1/2 resonances of even and odd parities. Calculations have also been
performed with the corresponding PV couplings. The cross sections calcu-
lated with this option for the N∗
1/2Y K vertex deviate very little from those
obtained with the corresponding PS couplings. However, data shows a clear
preference for the PS coupling at the N∗
1/2Nπ vertices.
The couplings constants for the vertices involving resonances are deter-
mined from the experimentally observed quantities such as branching ratios
for their decays to corresponding channels. It may however, be noted that
such a procedure can not be used to determine the coupling constant for
the N∗(1650)ΣK vertices, as the on-shell decays of this resonance to ΣK
channel are inhibited. Therefore, we have tried to determine this coupling
constant by fitting the available data on the π+p → Σ+K+, π−p → Σ0K0,
and π−p→ Σ−K+ reactions in an effective Lagrangian coupled channels ap-
proach [34, 35], where all the available data for the transitions from πN to
five meson-baryon final states, πN , ππN , ηN , KΛ, and KΣ are simultane-
ously analyzed for center of mass energies ranging from threshold to 2 GeV.
In this analysis all the baryonic resonances with spin ≤ 3
2
up to excitation
energies of 2 GeV are included as intermediate states. Since the resonances
considered in this study have no known branching ratios for the decay into
the Nω channel, we determine the coupling constants for the N∗Nω vertices
by the strict vector meson dominance (VMD) hypothesis [36], which is based
essentially on the assumption that the coupling of photons on hadrons takes
place through a vector meson.
It should be stressed that the branching ratios determine only the square
of the corresponding coupling constants; thus their signs remain uncertain
in this method. Predictions from independent calculations (e.g the quark
model) can, however, be used to constrain these signs. The magnitude as
well as signs of the coupling constants for the N∗Nπ, N∗ΛK, N∗Nρ, and
N∗N(ππ)s−wave vertices were determined by Feuster and Mosel [34] and
Manley and Saleski [37] in their analysis of the pion-nucleon data involving
the final states πN , ππN , ηN , and KΛ. Predictions for some of these quan-
tities are also given in the constituent quark model calculations of Capstick
and Roberts [38]. Guided by the results of these studies, we have chosen the
positive sign for the coupling constants for these vertices. Unfortunately,
the quark model calculations for the N∗Nω vertices are still sparse and an
unambiguous prediction for the signs of the corresponding coupling con-
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stants may not be possible at this stage [39]. Nevertheless, we have chosen
a positive sign for the coupling constants for these vertices as well.
The resonance properties used in the calculations of the decay widths are
given in Table 1, where the resulting coupling constants and the adopted
values of the cut-off parameters (λNN
∗
i ) are also shown. It may be noted
that we have fixed the latter to one value in order to minimize the number
of free parameters.
Table 1: Coupling constants and cut-off parameters for the N∗N -meson and
N∗-hyperon-meson vertices used in the calculations
Resonance Decay channel Branching g2/4π cut-off
ratio (GeV) (GeV)
N∗(1710) Nπ 0.150 0.0863 850.0
Nρ 0.150 1.3653 850.0
Nω 0.1189 850.0
Nσ 0.170 0.0361 850.0
ΛK 0.150 2.9761
ΣK 4.4044
N∗(1720) Nπ 0.100 0.0023 850.0
Nρ 0.700 90.637 850.0
Nω 22.810 850.0
Nσ 0.120 0.1926 850.0
ΛK 0.080 0.0817
ΣK 0.2204
N∗(1650) Nπ 0.700 0.0521 850.0
Nρ 0.08 0.5447 850.0
Nω 0.2582 850.0
Nσ 0.025 0.2882 850.0
ΛK 0.070 0.0485
ΣK 0.0165
After having established the effective Lagrangians, coupling constants
and form of the propagators (which are given in Ref. [21]), it is straight
forward to write down the amplitudes for various diagrams associated with
the pp → pY K reactions which can be calculated numerically by following
e.g . the techniques discussed in [28]. The isospin part is treated separately.
This gives rise to a constant factor for each graph, which is unity for the
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reaction under study. It should be noted that the signs of various amplitudes
are fixed by those of the effective Lagrangian densities, coupling constants
and propagators as described above. These signs are not allowed to change
anywhere in the calculations.
In the present form of our effective Lagrangian theory, the energy depen-
dence of the cross section due to FSI is separated from that of the primary
production amplitude and the total amplitude is written as,
Afi = Mfi(pp→ pY K+) · Tff , (9)
where Mfi(pp → pY K+) is the primary associated Y K production ampli-
tude, while Tff describes the re-scattering among the final particles which
goes to unity in the limit of no FSI. The latter is taken to be the coherent
sum of the two-body on-mass-shell elastic scattering amplitudes ti (with i
going from 1 to 3), of the interacting particle pairs j−k in the final channel.
This type of approach has been used earlier to describe the pion [29, 40, 41],
η-meson [42, 43, 44], ΛK+ [21] and φ-meson [45] production in pp collisions.
An assumption inherent in Eq. (9) is that the reaction takes place over
a small region of space (which is fulfilled rather well in near threshold re-
actions involving heavy mesons). Under this condition the amplitudes ti
can be expressed in terms of the inverse of the Jost function [27, 29] which
has been calculated by using a Coulomb modified effective range expansion
of the phase-shift [46]. The required effective range and scattering length
parameters are given in Refs. [21, 22].
3 Results and Discussions
The total cross sections for the ΛK+ and Σ0K+ reactions as a function of
the excess energy are shown in Fig. 2. The calculations are the coherent
sum of all resonance excitation and meson exchange processes as described
earlier. In both cases a good agreement is obtained between theory and
the data available from the COSY-11 collaboration. Keeping in mind the
fact that all parameters of the model, except for those of N∗Y p vertices
and the FSI, were the same in the two calculations and that no parameter
was freely varied, this agreement is quite satisfactory. It should be noted
that we do not require to introduce arbitrary normalization constants to
get the agreement between calculations and the data. We also show in this
figure the results obtained without including the FSI effects (dashed line).
It can be seen that the FSI effects are vital for a proper description of the
experimental data in both the cases.
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Figure 2: Comparison of the
calculated and the experimental
total cross sections for the pp →
pΛK+ and pp → pΣ0K+ reac-
tions as a function of the excess
energy. Results obtained with no
FSI effects are shown by dashed
lines. The experimental data are
from Refs. [17] .
In Fig. 3, we have investigated the role of various meson exchange processes
in describing the total cross sections. The dashed, long-dashed, dashed-
dotted, and solid with black square curves represent the contributions of π,
ρ, ω and σ meson exchanges, respectively. The contribution of the heavy
axial meson exchange is not shown in this figure as it is negligibly small. The
coherent sum of all the meson-exchange processes is shown by the solid line.
It is clear that the pion exchange graphs dominate the production process
for both the reactions in the entire range of beam energies. Contributions of
ρ and ω meson exchanges are almost insignificant. On the other hand, the
σ meson exchange, which models the correlated s−wave two-pion exchange
process and provides about 2/3 of this exchange in the low energy NN
interaction, plays a relatively more important role. This observation has
also been made in case of the NN → NNπ reaction [47, 48, 49, 28].
The individual contributions of various nucleon resonances to the total
cross sections of the two reactions are shown in Fig. 4. We note that in both
the cases, the cross section is dominated by the N∗(1650) resonance excita-
tion for ǫ < 30 MeV. Since N∗(1650) is the lowest energy baryonic resonance
having branching ratios for the decay to Y K+ channels, its dominance in
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Figure 3: Contributions of vari-
ous meson exchange processes to
the total cross section for the
pp → pK+Λ and pp → pK+Σ0
reactions. The dashed, long-
dashed, dashed-dotted and solid
with black squares curves repre-
sent the contributions of π, ρ, ω
and σ meson exchanges, respec-
tively. Their coherent sums are
shown by the solid lines .
these reactions at beam energies very close the kaon production threshold
is to be expected. In the near threshold region the relative dominance of
various resonances is determined by the dynamics of the reaction where the
difference of about 60 MeV in excitation energies of N∗(1650) and N∗(1710)
resonances plays a crucial role.
However, for ǫ values between 30 - 60 MeV, while the pp→ pK+Λ reac-
tion continues to be dominated by N∗(1650) excitation, the pp → pK+Σ0
reaction gets significant contributions also from N∗(1710) and N∗(1720)
resonances. This difference in the role of the three resonances in the two
cases can be understood in the following way. For a resonances to con-
tribute significantly, we should have mY + mK + ǫ ≥ mR + ΓR/2, where
mR and ΓR are the mass and width of the resonance, respectively. There-
fore, in the region of excess energies ≥ Q[= (mR + ΓR/2) − (mY + mK)],
the particular resonance R should contribute significantly. The values of Q
for the pp → pK+Λ reaction, are 115 MeV, 150 MeV, and 185 MeV, for
the N∗(1650), N∗(1710), and N∗(1720) resonances, respectively. On the
other hand, for the pp → pK+Σ0 case, they are 36 MeV, 72 MeV and 105
MeV, respectively for these three resonances. Therefore, contributions of
the N∗(1710) and N∗(1720) resonance excitations are negligibly small for
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the K+Λ production in the entire energy range of the COSY-11 data (i.e.,
for ǫ ≤ 60. MeV) while they are significant for the K+Σ0 case for ǫ > 30
MeV. It would be helpful to have data on the invariant mass spectrum at
these excess energies in order to confirm these theoretical observations.
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Figure 4: Contributions of N∗(1650) (dashed line), N∗(1710) (full line with black
squares) and N∗(1720) (dashed-dotted line) baryonic resonances to the total cross
section for the two reactions studied in Fig. 2. Their coherent sum is shown by the
solid line.
In Fig. 5, we compare our calculations with the data for the ratio R as a
function of ǫ. We have shown here the results for excess energies up to 60
MeV, where the COSY-11 data are available. It is clear that our calcula-
tions are able to describe well the trend of the fall-off of R as a function
of the excess energy. It should be noted that FSI effects account for about
60%−80% of the observed ratio for ǫ < 30 MeV and about 50% of it beyond
this energy. Therefore, not all of the observed value of R at these beam en-
ergies can be accounted for by the FSI effects, which is in agreement with
the observation made in [18]. It should again be emphasized that without
considering the contributions of the N∗(1650) resonance for the Σ0K+ re-
actions, the calculated ratio would be at least an order of magnitude larger.
Therefore, these data are indeed sensitive to the details of the reaction mech-
anism. At higher beam energies (ǫ > 300 MeV), values of R obtained with
and without FSI effects are almost identical. In this region the reaction
mechanism is different; here all the three resonances contribute in one way
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or the other, their interference terms are significant [21], and FSI related
effects are unimportant.
0 20 40 60
EXCESS ENERGY (MeV)
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10
20
30
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R
R =
σ(pp→pK+Λ)
σ(pp→pK+Σ0)
Figure 5: Ratio of the total cross sections for pp → pΛK+ and pp → pΣ0K+
reaction as a function of the excess energy. The solid and dashed lines show the
results of our calculations with and without FSI effects, respectively. The data are
from [17].
4 Summary and conclusions
In summary, we have studied the pp → pΛK+ and pp → pΣ0K+ reactions
within an effective Lagrangian model. Most of the parameters of the model
are fixed by fitting to the elastic NN T-matrix which restricts the freedom
of varying them freely in order to fit the data. The reactions proceed via
excitation of the N∗(1650), N∗(1710), and N∗(1720) intermediate baryonic
resonant states. An important result of our study is that the N∗(1650)
resonant state contributes predominantly to both these reactions at near
threshold beam energies. Therefore, these reactions in this energy regime,
provide an ideal means of investigating the properties of this S11 baryonic
resonance. To the extent that the final state interaction effects in the exit
12
channel can be accounted for by the Watson-Migdal theory, our model is
able to explain the experimentally observed large ratio of the total cross
sections of the two reactions in the near threshold region.
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